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ABSTRACT 
We have computed the contribution to the extragalactic background 
from clusters of galaxies in the 2-6 keV band. We considered two different 
cluster luminosity functions and two different models for cluster evo- 
lution; we assumed a cluster x-ray luminosity-temperature relationships 
of the type L ci T We carried out calculations for four different 
model universes. We find that the overall contribution of clusters to the 
background is approximately 10% of the total observed x-ray extragalactic 
background, and that a broad iron line feature of equivalent width of 
approximately 150 eV is superimposed on the observed background. This 
result is quite insensitive to the different set of assumptions made in 
our calculation. 
I. INTRODUCTION 
The observation of a diffuse x-ray Lackground extending over a 
broad range of wavelengths has led to several attempts to set limits 
on the luminosity and density of unresolved point sources which might 
explain all or part of the background (Silk, 1973, Schwartz and Gursky, 
1974). The discovery of extended sources of x-ray emission associated 
with clusters of galaxies (Byrum et al., 1966, Culhane, 1977, Bachall, 
1977) led several investigators (Silk, 1973, Schwartz and Gursky, 1974) 
to suggest that the diffuse hard x-ray background (E > 2 keV), which is 
known to he of extra galactic origin, might be explalned in large part 
by these sources. More refined observations of the background (Gursky 
and Schwartz, 1977) and improved estimates of the luminosity function 
of clusters (Schwartz, 1978, McHardy, 1978) suggest that clusters can 
account for only 10% of the x-ray background in the energy range 2-10 
keV (Gursky and Schwartz, 1977) and have a softer spectrum than the back- 
ground at higher energies. Recent HEAO-B results suggest that active 
galaxies and quasars may account for a significant fraction of the 
remainder of the background (Jones et al., 1979), although a significant 
contribution to the background due to diffuse material between clusters 
is not yet excluded. 
Cluster sources do, however, contain a prominent spectral feature 
at 6.7 keV which may allow a more precise determination of their contri- 
bution to the background, and provide a test for models of the distribution 
of clusters in space and evolution of the hot gas in the cluster which is 
responsible for the x-ray emission. This spectral feature, unresolved 
in present data, is due to the superposition of ~everal line multiplets 
resulting from transitions in the hydrogen and helium-like ions of iron 
in the dilute intracluster gas bound in clusters (see, for example, Bachall 
and Sarazin, 1977, 1978). Spectral features attributed to iron have been 
found in all of the cluster sources so far observed with sufficient sensi- 
tivity and resolution, with equivalent widths between 300 and 1000 eV. 
Hore than 50 discrete x-ray sources associated with clusters have now been 
identified, with 3C 343.1 at z = 0.75 being the most distant. These 
observational data have been used to construct preliminary luminosity 
functions, and thermal models of the cluster sources. Using these results, 
we have calculated the contributions of distant cluster sources to a pre- 
dicted spectral feature near 7 keV in the diffuse x-ray background for 
an isothermal cluster model and for two different assumptions regarding 
the evolution of the intracluster gas. Comparison of these results with 
observations of the spectra of the background may allow constraints to 
be placed on the distribution of clusters or the evolution of the thermal 
structure of the intracluster gas. 
11. FORMULATION OF THE PROBLEM 
Approach 
We assume t h a t  a t  each epoch a s i n g l e  luminosi t )  func t ion  f o r  a l l  
d * ~  
c l u s t e r s  - dzdL (L,z) may be def ined,  and t h a t  t h e  s p e c t r a  of each c l u s t e r ,  
F[L,z,v(l+z) ] (ergslsec-keV) depends only  on luminosi ty  L  and redsh i f  t z  
( o r  epoch). Th i s  assumption impl ies  t h a t  t h e r e  e x i s t s  a  r e l a t i o n  L  = 
L(T,z) a t  each epoch between c l u s t e r  thermal bremsstrahlung temperature 
(TI ( o r  between a  s i n g l e  thermal parameter i n  th2  case  of non-isothermal 
models) and c l u s t e r  luminosi ty  ( L ) .  
I t  is  p o s s i b l e  t o  determine t h e  luminosi ty  func t ion  f o r  t h e  p resen t  
d 2 ~  
epoch, - dzdL (14.z) 1 z=o d i r e c t l y  from obse rva t iona l  d a t a  f o r  the  b r i g h t e s t  
c l u s t e r :  (L 2 which make t h e  major c o n t r i b u t i o n  t o  the  i n t e g r a t e d  
c l u s t e r  luminosity.  For c l u s t e r s  of lower luminosi ty ,  t h e r e  is more 
u n c e r t a i n t y  i n  t h e  shape of t h e  luminosi ty  funct ion.  
We do not  b e l i e v e  t h a t  t h e  assumption t h a t  a s i n g l e  r e l a t i o n  e x i s t s  
between luminosity and temperature f o r  a l l  epochs is unduly r e s t r i c t i v e ,  
s i n c e  t h e  f i n a l  i n t e g r a t e d  background luminosi ty  is  not  s t r o n g l y  dependent 
on t h e  form of t h i s  r e l a t i o n s h i p .  
There is  l i t t l e  obse rva t iona l  d a t a  a v a i l a b l e  t o  s e l e c t  from among 
t h e  va r ious  evo lu t ionary  models which have been proposed. We have c a r r i e d  
out  c o m p ~ t a t i o n s  f o r  two d i f f e r e n t  evo lu t ionary  s c e n a r i o s ,  which we b e l i e v e  
a r e  r e p r e s e n t a t i v e  of t h e  proposed evo lu t ionary  models. 
The i n t e g r a t e d  background luminosi ty  f ( v )  due t o  a  d i s t r i b u t i o n  
of c l u s t e r s  wi th  luminosi ty  F[I , ,z ,v(l+z) ] a t  r e d s h i f t  z can be expressed 
(Pe t ros ian  e t  a l . ,  1969) 
Lmin Z min (L) 
where D is  t h e  luminosi ty  d i s t a n c e  (which depends on the  geometry of the  
un ive r se  model assumed). 
We c a r r i e d  out  ca lcu l . a t ions  f o r  4 d i f f e r e n t  model un ive r ses :  
- s teady  state model 
- Friedman-Lemaitre models, wi th  A = 0 
k = +I, q0 = 1 
k = 0, 9, = 1/2  
k a -1, q0 = 114 
Our f i n a l  r e s u l t s  a r e  not  s t r o n g l y  a f f e c t e d  by t h e  choice  of model un ive r ses  
(our r e s u l t s  d i f f e r  by only  a few percent  f o r  t h e  v a r i o u s  models), hence 
we w i l l  p resen t  here  r e s u l t s  only f o r  t h e  Friedman-Lemaitre model wi th  
k = 0, qo " 1/2. 
The i n t e g r a t i o n  l i m i t  of t h e  i n t e g r a l  over  t h e  luminosi ty  func t ion ,  
'min is  s e l e c t e d  t o  exclude those  c l u s t e r s  which a r e  r e s o l v a b l e  i n  t h e  
obse rva t iona l  d a t a  wi th  which the  c a l c u l a t i o n  i s  t o  be compared. We have 
c a r r i e d  ou t  t h e  c a l c u l a t i o n  f o r  two minimum d e t e c t a b l e  c l u s t e r  f l u x  l e v e l s ,  
11, 2.5 Uhuru counts  ( t h e  miilimum d e t e c t a b l e  l e v e l  f o r  Uhuru) and 0.5 U h ~ r u  
counts  ( t h e  minimum d e t e c t a b l e  c l u s t e r  f l u x  l e v e l  f o r  t h e  HEAO A - 1  exper i -  
ment). Note t h a t  t h e  lower l i m i t  of t h e  i n t e g r a l  over z thus  becomes a 
func t ion  of L. The l e v e l  of 0.5 Uhuru coun t s  corresponds t o  a minimum 
d e t e c t a b l e  luminosi ty  of approximately 3.7 x l o k 4  e r g s / s e c  a t  z = 0.1  
i n  the  2-6 keV band ( t h i s  is  somewhat dependent on t h e  assumed r e l a t i o n s h i p  
between luminosi ty  and temperature) .  
111. SELECTION OF THE RELEVANT PARAMETERS 
A. The C l u s t e r  Lc~minoeity F m c e  
Schwartz (1978a) and McHardy (1978) have der ived c l u s t e r  luminosi ty  
f u n c t i o n s  from obse rva t iona l  da ta .  The o r i g i n a l  func t ions  de r ived  by 
Schwartz i s  shown i n  f i g u r e  1 and t a k e s  t h e  form 
f o r  L > 1, where L is t h e  c l u s t e r  luminosi ty  i n  t h e  2-6 keV band i n  
4 4 4 4 
u n i t s  of e rgs / sec .  A t  lower l u m i n o s i t i e s  t h e  o r i g i n a l  work of Schwartz 
suppor ts  the  lower curve [$  (L)] which has t h e  form 
1 
$ (L) = 4.5 x 10'~ exp (-L 12) / M ~ C '  ( 1 0 ~ ~ e r ~ s l s )  f o r  L < 1 
1 1, 4 4 4 
The do t t ed  curve  shows t h e  ex t rapo la ted  luminosi ty  func t ion  which is  obtained 
i f  a l l  Abell  c l u s t e r s  were assumed t o  be x-ray sources .  More r e c e n t  d a t a  
analyzed by McHardy (1976) and Schwartz (1978b) suppor t s  t h e  luminosi ty  
funct ion $ (L) ( f i g u r e  1 )  which i s  c l o s e r  t o  the  upper l i m i t  e s t a b l i s h e d  
2 
by the  do t t ed  curve i n  f i g u r e  1. We have c a r r i e d  out c a l c u l o t i o n s  f o r  both  
$ and $ . A s  we show, t h e  two d i s t r i b u t i o n  f u n c t i o n s  give d i f f u s e  back- 
1 2 
grounds which a r e  not  g r e a t l y  d i f f e r e n t ,  s i n c e  i t  i s  the  most luminous 
c l u s t e r s  (L2,6 keV > e r g s )  which make t h e  g r e a t e s t  c o n t r i b u t i o n  t o  
t h e  background. 
B. C l u s t e r  Spec t ra  
Sarazin  and Bachall  (1978) have discussed c l u s t e r  s p e c t r a ,  based on 
i so thermal  and p o l y t r o p i c  h y d r o s t a t i c  models of t h e  thermal s t r u c t u r e  of 
c l u s t e r s .  The p resen t  d a t a  on i n d i v i d u a l  c l u s t e r s  can be f i t  wi th  e i t h e r  
model, wi th  t h e  a p p r o p r i a t e  choice  of parameters. We have chosen t o  f i t  
t h e  s p e c t r a  of a l l  c l u s t e r s  wi th  a s e r i e s  of simple i sothermal  models wi th  
varying parameters.  The l i n e  emission of each i n t r a c l u s t e r  gas is  con- 
* 
s i d e r e d  t o  be due t o  c o l l i s i o n a l  e x c i t a t i o n  and cascade,  and t o  d i e l e c t r o n i c  
recombination, whi le  t h e  continuum emission i s  from f r e e - f r e e  and re -  
combination r a d i a t i o n  (Sarazin  and Bachal l ,  1977). We assumed s o l a r  
abundances, which is  c o n s i s t e n t  wi th  Perseus ,  Coma and Virgo c l u s t e r s  
analyzed i n  t h e  l i g h t  of t h e  model presented (Bachal l  and Saraz in ,  1977). 
We f u r t h e r  assume ( fol lowing Mushotzky et a l . ,  1978) t h a t  t h e  c l u s t e r  
luminosi ty  is  r e l a t e d  t o  t h e  temperature by t h e  r e l a t i o n  
L 2 - 6 k e ~  a where 1.6 < - a < - 5.1  
Th i s  assumption i s  equ iva len t  t o  t h e  assumption t h a t  t h e  emfssion measure 
a is propor t iona l  t o  T , s i n c e  the  luminosi ty  of an isothermal  bremsstrahlung 
!I source  is propor t iona l  t o  T . For convenience, we have de f ined  8 c l u s t e r  
luminosi ty  c l a s s e s  wi th  the  p r o p e r t i e s  shown i n  Table 1, and wi th  the  
luminosi ty  func t ion  given by f i g u r e  1. We have c a r r i e d  out  c a l c u l a t i o n s  
f o r  6  va lues  of t h e  parameter a ,  1 .6 ,  2.1, 2.6,  3.1, 4.1, and 5.1.  
C. C l u s t e r  Evolution 
Cowie and Perrenod (1978) and Perrenod (1978) have discussed models 
of c l u s t e r  evo lu t ion .  There a r e  n o t ,  however, s u f f i c i e n t  x-ray d a t a  a v a i l -  
a b l e  t o  c o n s t r a i n  the  computational  models of c l u s t e r  evo lu t ion  presented 
by Perrenod. We have c a r r i e d  out  computations f o r  two assumptions regarding 
c l u s t e r  evo lu t ion :  
6 
1. C l u s t e r  sources  a r e  p resen t  wi th  t h e  same d e n s i t y  d i s t r i b u t i o n  
of l u m i n o s i t i e s  and s p e c t r a  as observed f o r  t h e  p resen t  epoch out  
t o  a  r e d s h i f t  of z = 3 ( o r  no e v o l u t i o n ) .  
2. C l u s t e r  luminosi ty  evolves  according t o  a  model based on t h e  
assumption t h a t  t h e  i n t r a c l u s t e r  gas  i s  expe l l ed  f o r  t h e  c l u s t e r  
member g a l a x i e s  a t  a r a t e  which is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
c l u s t e r  age. C l u s t e r  d e n s i t y ,  and t h e  r e l a t i o n s h i p  between luminosi ty  
and temperature a r e  assumed t o  be t h e  same a s  those  der ived f o r  t h e  
p resen t  epoch. 
The f i r s t  assumption i s  almost  c e r t a i n l y  i n c o r r e c t ,  however, i t  provides  
a  u s e f u l  upper l i m i t  on t h e  background luminosi ty  due t o  c l u s t e r s .  We 
have used t h e  evo lu t ionary  model M6 of Perrenod i n  c a r r y i n g  out  t h e  compu- 
t a t i o n s  based on assumption 2. Th i s  model assumes t h a t  t h e  conduc t iv i ty  
of t h e  i n t r a c l u s t e r  gas  is no t  reduced by magnetic f i e l d s ,  t h a t  the  m a t e r i a l  
expe l l ed  i n t o  the  i n t r a c l u s t e r  medium has  the  s o l a r  abundance of i r o n  and 
is a t  a  temperature of l o e O K  a t  a l l  times; it p r e d i c t s  t h a t  t h e  luminositv 
of a c l u s t e r  dec reases  monotonically wi th  z .  Since Perrenod h a s  not  c a r r i e d  
out  computations f o r  a f u l l  g r i d  of c l u s t e r  models, corresponding t o  t h e  
va r ious  luminosfty c l a s s e s  i n  our  computations,  we have assumed t h a t  the  
r e l a t i o n s h i p  between luminosi tv  and temperature found f o r  t h e  p resen t  epoch 
(L a T~*) p e r t a i n s  f o r  e a r l i e r  epochs a s  we l l .  The model computations 
of Perrenod a r e  b e s t  f i t  by a = 5.1. 
Figure  3 shows how c l u s t e r  luminosi ty  and temperature evolves  according 
t o  the  modei of Perrenod. 
I V ,  RESULTS 
I n  f i g u r e s  3 and 4 w e  have p l o t t e d  t h e  r e s u l t s  of our  computation 
f o r  t h e  c o n t r i b u t i o n  of c l u s t e r s  t o  t h e  background f o r  two va lues  of t h e  
f l u x  l e v e l  R above which i n d i v i d u a l  c l u s t e r s  a r e  assumed t o  be reso lvab le  
(2.5 and 0.5 Uhuru coun t s ) ,  f o r  both luminosi ty  func t ions  and f o r  both 
assumptions wi th  r e s p e c t  t o  c l u s t e r  evo lu t ion .  We have shown only r e s u l t s  
f o r  t h r e e  va lues  of a, 1.6,  3.1, and 5.1,  i n  order  t o  avoid overcrowding 
of t h e  graphs. We have a l s o  shown t h e  i r o n  l i n e  cL-mplex f e a t u r e  super-  
imposed on t h e  observed i s o t r o p i c  background f o r  each s e t  of assumptions. 
The equ iva len t  width of t h e  i r o n  f e a t u r e  on t h e  background f o r  each s e t  
of assumptions considered is tabu la ted  i n  Table 2. The c o n t r i b u t i o n  from 
c l u s t e r s  of g a l a x i e s  wi th  t h e  luminosi ty  func t ion  J? i b  h igher  than f o r  
2 
a s  expected s i n c e  we t a k e  i n t o  account a  l a r g e r  number of c l u s t e r s  
wi th  low luminosity.  Also t h e  c o n t r i b u t i o n  of c l u s t e r s  t o  a background 
of f l u x  l e v e l  below 2.5 Uhuru f l u x  u n i t s  is higher  than f o r  0.5 Uhuru f l u x  
u n i t s  s i n c e  i n  the  former case  t h e r e  a r e  l e s s  resolved c l u s t e r s .  The 
c o n t r i b u t i o n  of c l u s t e r s  t o  the  backnround i n  t h e  c a s e  where no evo lu t ion  
is considered is, of course ,  l a r g e r  than where evo lu t ion  is taken i n t o  
account.  Since  t h e  evo lu t ionary  model considered p r e d i c t s  a smal l  change 
of luminosi ty  and temperature f o r  z 0.3,  i t  does not s t r o n g l y  a f f e c t  
our r e s u l t s .  S ince  t h e  d i f f e r e n c e  between the  tvo  r e s u l t s  i s  t h e  o rde r  
of a  few percen t ,  we mav cnnclude t h a t  un less  t h e r e  is  a  s t r o n g  evo lu t ion  
of t h e  i n t r a c l u s t e r  gas  f o r  z 5 0.3 (which would appear t o  c o n t r a d i c t  
r ecen t  E i n s t e i n  obse rva t ions ,  Jones  e t  a l .  (1979)). we can ignore  evo lu t ion .  
In  a d d i t i o n  we might i n f e r  t h a t  t h e  c o n t r i b u t i o n  of c l u s t e r s  pas t  z = '3 I s  
negligible. In fact, the most striking feature of our results is their 
insensitivity to the various sets of assumptions made. This insensitivity 
suggests that: 
1. The major contribution to the background comes from clusters 
of high luminosity (L > lo4' ergs/sec) and moderate distance 
-0.1 z i 0.5. 
2. The predicted contribution is not sensitive to details of the 
relationship between cluater luminosity and thermal structure. 
3. If the predicted line feature is observed, it will provide a 
test of the cluster luminosity function, but will not sip,nificantlv 
constrain models of cluster evolution. This can be seen when con- 
sidering the line features superimposed on the background. It is 
impossible to distinguish between the different assumptions made. 
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TABLE 1 
CHARACTERISTICS OF THE LUMINOSITY CLASSES 
Claes Temperature Lx (0-1.6) Zmin (a-1.6) Density Density ($ ) 
2 
(K) 2-6 keV 11c.5 UMI a-1.6 a11.6 
- (ergslsec) - (#  4cn3 ) (illem') 
TABLE 2 
EQUIVALENT WIDTHS (in eV) OF THE IRON LINE FEATURE AT 7 k?l' 
--- 
& .: . 5  UFU t < 2.5 UFU 
- - - 
Evolution '4 22 3 15 7 217 158 
2 
With '4 165 104 169 114 
1 
Evolution $ 2 00 114 11 4 122 
2 
- . ~ - - _ _ - - _ _ _ _ _ _ - - -  - _I____--1_- 1_ 
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FIGURE CAPTIONS 
Figure  1 
Figure  2 
The d i f f e r e n t i a l  l uminos i ty  f u n c t i o n s  J), number / 
~~c~  (10" e r g s / s ) ,  a s  a  f u n c t i o n  of c l u s t e r  l u m i n o s i t y  
i n  t h e  2-6 keV band. The p l a i n  and dashed l i n e d ,  
1 
and $ , r e p r e s e n t  t h e  luminos i ty  f u n c t i o n  d e r j v e d  by 
2 
Schwartz and McHardy. 
The d o t t e d  l i n e  g i v e s  t h e  l i m i t  imposed by t h e  t o t a l  
d e n s i t y  of a l l  A b e l l  c l u s t e r s .  
Evolu t ion  of  tempera ture  and luminos i ty  de r ived  f o r  
t h e  c l u s t e r  model M6 from Perrenod.  
The dashed ( p l a i n )  curve  g i v e s  t h e  tempera ture  
( luminos i ty )  change w i t h  r e d s h i f t  as a f u n c t i o n  of  
t h e  tempera ture  ( luminos i tv )  a t  p r e s e n t  epoch. 
F i g u r e s  3 and 4 The c o n t r i b u t i o n  of c l u s t e r s  t o  t h e  background i s  
shown i n  t h e  lower group of cu rves  i n  each  f i g u r e .  
The upper cu rve  r e p r e s e n t s  t h e  observed background 
(Boldt ,  1978) w i t h  ou r  c a l c u l a t e d  l i n e  f e a t u r e  super-  
imposed. 
a .  ca se  where t h e  minimum d e t e c t a b l e  c l u s t e r  f l u x  
l e v e l  R = 0.5 UFU and t h e  luminos i ty  f u n c t i o n  i s  
$1 
b. R = 0.5 UFU, $ 
2 
c .  R =  2.5 UFU, $ 
1 
d .  R = 2 . 5 U F U , $  
2 
Fig .  3 .  case  where t h e r e  i s  no e v o l u t i o n  
F i g .  4 .  case w i t h  Perrenod M6 e v o l u t i o n  
I I I 1 I 
tarn.  
Q 
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X-RAY LUMINOSITY ( e r g s / s ,  2-6 keV) 
FIGURE 1 
FIGURE 2 
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